Cra (catabolite repressor activator) is a global regulator of the genes for carbon metabolism in Escherichia coli. To gain insights into the regulatory roles of Cra, attempts were made to identify the whole set of regulation targets using an improved genomic SELEX (systematic evolution of ligands by exponential enrichment) system. Surprisingly, a total of 164 binding sites were identified for Cra, 144 (88%) of which were newly identified. The majority of known targets were included in the SELEX chip pattern. The promoters examined by the lacZ reporter assay in vivo were all regulated by Cra. These two lines of evidence indicate that a total of as many as 178 promoters are under the control of Cra. The majority of Cra targets are the genes coding for the enzymes involved in central carbon metabolism, covering all the genes for the enzymes involved in glycolysis and metabolism downstream of glycolysis, including the tricarboxylic acid (TCA) cycle and aerobic respiration. Taken together, we propose that Cra plays a key role in balancing the levels of the enzymes for carbon metabolism.
Central carbon metabolism consists of three major pathways, the glycolysis (Embden-Meyerhof-Parnas [EMP]) pathway, the pentose-phosphate (PP) pathway, and the tricarboxylic acid (TCA) cycle, altogether leading to the production of metabolic energy. These three pathways also provide a number of building blocks that are utilized for the construction of cell architecture (for reviews, see references 26, 43, and 50). The catabolic functions and regulations of the individual enzymes involved in these processes have been characterized in detail for both prokaryotes and eukaryotes. In agreement with the essential functions for energy production, the genes coding for these enzymes are conserved among a wide variety of organisms. Carbon availability in the environment influences the expression pattern of these genes in various ways. Expression regulation has been studied in detail for a small number of individual genes, mainly using the model prokaryote Escherichia coli (for examples, see references 25, 30, and 35) . However, the mechanisms underlying the balancing of the expression level between a number of genes for the utilization of various carbon sources remain uncharacterized.
One well-characterized regulator of the genes for carbon source utilization is CRP (cyclic AMP [cAMP] receptor protein) (sometimes called catabolite activator protein [CAP] ), which is converted into the functional form after binding cAMP that is synthesized in the absence of glucose (10, 22) . Besides CRP, another transcription factor, Cra (catabolite repressor activator), has been indicated to play a role in the global regulation of the genes for carbon metabolism (16, 46) . Cra, a member of the GalR-LacI family, was originally identified as FruR, for repression of the genes for fructose catabolism (13) . The induction of the fructose operon takes place when the repressor Cra is inactivated after interactions with inducers such as D-fructose-1-phosphate and D-fructose-1,6-bisphosphate (31) . Cra consists of two functional domains, an N-terminal DNA-binding domain with an H-T-H motif and a C-terminal inducer-binding and subunit-subunit contact domain. In the presence of glucose, the intracellular concentrations of the inducers increase, which interact with Cra to prevent its binding to the target promoters.
Later, FruR was indicated to be involved in the regulation of other genes encoding enzymes involved in the catabolic pathways of both glycolysis and gluconeogenesis and was later renamed Cra (38) (39) (40) (41) 45) . Up to the present time, however, the whole set of regulation targets of Cra remains unidentified. Moreover, the differences in the regulation targets and regulatory roles of two global regulators, CRP and Cra, in the control of a number of genes for carbon source utilization are totally left undetermined. For the identification of as-yet-unidentified genes under the control of Cra, we developed the genomic SELEX (systematic evolution of ligands by exponential enrichment) system and isolated a number of Cra-binding sequences from mixtures of E. coli genome fragments (46) . After the cloning and sequencing of SELEX fragments (the SELEX-clos method), we identified 10 different sites of Cra binding on the E. coli genome. Among the 10 regulation targets of Cra, including gapA (glyceraldehyde-3-phosphate dehydrogenase A), eno (enolase), hydN (formate dehydrogenase H)-hypF (carbamoyl phosphate phosphatase), and yahA (unidentified transcription factor), which were predicted from the Cra-binding sequences, 4 were found to be newly identified targets, as detected by mRNA analyses of both the wild type and the cra deletion mutant (note that these 4 Cra targets have already been included in RegulonDB). The improved genomic SELEX screening system has been employed for the identifi-cation of regulation targets of a number of transcription factors (for instance, see references 16, 49, and 50) .
The SELEX-clos analysis allowed the identification of DNA sequences with high affinity to Cra that were enriched, but those with weak affinity were lost after repeated SELEX cycling. For instance, a total of 43 clones within 100 independently isolated clones included the same promoter region of the fruB gene (the IIA component of the fructose phosphotransferase system [PTS]) with a high affinity for Cra, which had previously been identified to be under the control of Cra (41) . As a shortcut approach to identifying the whole set of targets under the control of Cra, we have subjected a mixture of genomic SELEX fragments to chip analysis using an E. coli tilling array and identified a total of 164 target candidates under the control of Cra, including 20 known targets. The regulation in vivo of some of the newly identified targets has been analyzed and indeed has been found to be under the control of Cra. Taken together with the results described herein, we propose a revised model of the regulatory roles of Cra in carbon metabolism.
MATERIALS AND METHODS
Bacterial strains and plasmids. Escherichia coli BW25113 (W3110 lacI q rrnBT14 ⌬lacZWJ16 hsdR514 ⌬araBADAH33 ⌬rhaBADLD78) and the isogenic cra disruptant JW0078, a product of the Keio collection (1), were obtained from the E. coli Stock Center (National Institute of Genetics, Mishima, Japan). Cells were grown in LB medium at 37°C under aeration with constant shaking at 140 rpm. Cell growth was monitored by measuring the turbidity at 600 nm. Plasmid pRS551 was used for the LacZ reporter assay of Cra-depending promoters (see below). For the maintenance of pRS551, ampicillin and kanamycin were added, each at a final concentration of 50 g/ml.
Purification of the Cra protein. An E. coli BL21(DE3) transformant with expression plasmid pCra of His-tagged Cra was grown in LB broth, and cells were harvested and subjected to Cra purification. Protein purification was carried out according to standard procedures used in our laboratory (47, 53) . In brief, lysozyme-treated cells were sonicated in the presence of 100 mM phenylmethylsulfonyl fluoride. After centrifugation of the cell lysate (30 ml) at 15,000 rpm for 60 min at 4°C, the resulting supernatant was mixed with 2 ml of 50% Ni-nitrilotriacetic acid (Ni-NTA) agarose solution (Qiagen) and loaded onto a column. The column was washed first with 10 ml of lysis buffer and then with 10 ml of washing buffer (50 mM Tris-HCl [pH 8.0 at 4°C], 100 mM NaCl). Ni-NTAbound proteins were then eluted with 2 ml of an elution buffer (50 mM Tris-HCl [pH 8.0 at 4°C], 100 mM NaCl, and 200 mM imidazole) and dialyzed against a storage buffer (50 mM Tris-HCl [pH 7.6], 200 mM KCl, 10 mM MgCl 2 , 0.1 mM EDTA, 1 mM dithiothreitol, and 50% glycerol). The Cra protein used throughout this study was Ͼ95% pure, as analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The Cra protein without a His tag was purified as described previously (32) .
Genomic SELEX search for Cra-binding sequences. The genomic SELEX method was carried out as previously described (46) . A mixture of DNA fragments of the E. coli K-12 W3110 genome was prepared after the sonication of purified genome DNA and cloned into multicopy plasmid pBR322. For each SELEX screening, the DNA mixture was regenerated by PCR. For SELEX screening, 5 pmol of the mixture of DNA fragments and 10 pmol His-tagged Cra were mixed in a binding buffer (10 mM Tris-HCl [pH 7.8 at 4°C], 3 mM magnesium acetate, 150 mM NaCl, and 1.25 mg/ml bovine serum albumin) and incubated for 30 min at 37°C. For the effector-positive reaction of Cra, 3 mM D-fructose-1,6-bisphosphate (Sigma) was added throughout the experiment. The DNA-transcription factor mixture was applied onto a Ni-NTA column, and after washing out the unbound DNA with binding buffer containing 10 mM imidazole, DNA-protein complexes were eluted with an elution buffer containing 200 mM imidazole. DNA fragments recovered from the complexes were PCR amplified. For SELEX-clos, PCR products were cloned into the pT7 Blue-T vector (Novagen) and transformed into E. coli DH5␣ cells. The sequencing of each clone was carried out by using the T7 primer (5Ј-TAATACGACTCACTATAGGG-3Ј). For SELEX chip assays, PCR-amplified products of the isolated DNAprotein complexes obtained in the presence and absence of the effecter were labeled separately with Cy5 and Cy3 and then combined. The fluorescently labeled DNA mixtures were hybridized to a DNA microarray consisting of 43,450 species of a 60-bp-long DNA probe, which are designed to cover the entire E. coli genome at 105-bp intervals (Oxford Gene Technology, Oxford, United Kingdom). In parallel with the test samples, the PCR product of the original DNA library was also analyzed under the same conditions. The fluorescent intensity of the test sample with each probe was normalized with that of the corresponding peak of the original library. After the normalization of each pattern, the Cy5/Cy3 ratio was measured and plotted along the E. coli genome.
Reporter assay of the promoter activity and regulation. To measure the activity and regulation of promoters, a LacZ reporter assay was employed by using plasmid vector pRS551 (20) . Promoter fragments between position Ϫ500 and the start codon were amplified by PCR using a pair of primers (F and R) (for sequences, see Table S1 in the supplemental material). The fragments were digested with BamHI and EcoRI and then ligated into pRS551. The construction of the plasmids was confirmed by DNA sequencing. Plasmids were transformed into test E. coli strains, wild-type BW25113, and cra mutant strain JW0078. Cultures grown overnight in LB medium were diluted 1:1,000 into fresh medium, and cells were grown for 4 h to an optical density at 600 nm (OD 600 ) of 0.4 to 0.5. The activity of ␤-galactosidase was measured according to the standard Miller method (29) . The measurement was performed four times to obtain average values.
RESULTS
Search for the regulation targets of Cra by using genomic SELEX screening. In order to gain insight into genome regulation by Cra for the control of carbon metabolism in E. coli, we tried to identify the whole set of target promoters, genes, and operons under the control of Cra. For this purpose, we employed "genomic SELEX" screening, in which purified Histagged Cra was mixed with a collection of E. coli genome fragments of 200 to 300 bp in length and Cra-bound DNA fragments were affinity purified for the identification of Cra recognition sequences (46) . The original substrate mixture of genomic DNA fragments used for genomic SELEX screening formed smear bands on PAGE gels. After two cycles of genomic SELEX, DNA fragments with a high affinity for Cra were enriched, forming sharper bands on PAGE gels (note that the numbers of SELEX cycles needed to obtain sharp bands in SELEX screening differ between test transcription factors, reflecting the affinity for targets). In our previous study, we tried to identify the regulation targets of Cra after the cloning and sequencing of SELEX fragments (46) , but using the SELEX-clos method, it is practically difficult to identify the whole set of regulation targets, including those with a low affinity for Cra.
For the identification of the whole set of regulation targets of Cra, in this study we employed the SELEX chip method, in which genomic SELEX fragments were labeled with Cy5 while the original DNA library was labeled with Cy3, and the mixture of two fluorescently labeled samples was hybridized to a DNA tilling microarray (Oxford Gene Technology, Oxford, United Kingdom) (48) . For an elimination of the bias of library DNA, the ratio of fluorescence intensity bound to each probe for the test sample and for the original library DNA was measured and plotted against the corresponding position on the E. coli genome ( Fig. 1 ). Since the 60-nucleotide-long probes are aligned along the E. coli genome at 105-bp intervals, approximately 300-bp-long SELEX fragments should bind to two or more consecutive probes; we employed this criterion for the identification of specific peaks. We then carried out a SELEX chip analysis in the presence and absence of effectors. In the presence of effectors, either D-fructose-1-phosphate or D-fructose-1,6-bisphosphate, SELEX bands remained smeared on PAGE gels even after 2 cycles of genomic SELEX, indicating that the sequence selectivity of Cra is higher without binding the effectors.
The SELEX chip analysis in the absence of an effector indicated a total of 194 peaks of Cra binding, but no clear peaks of Cra binding were identified in the presence of D-fructose-1,6-bisphosphate ( Fig. 1 ). However, low but clear peaks were identified in the presence of effectors by expanding the y axis, indicating that the affinity for target sequences decreased for effector-bound Cra.
Of a total of 194 peaks, a group of 164 peaks is located upstream of open reading frames (ORFs), implying that these ORFs are the putative target genes or operons under the control of Cra. Some of those Cra-binding sites are located on ORFs of upstream genes. Among a total of 23 Cra targets listed in RegulonDB (12, 46) , at least 20 were included in this group (Table 1 ; for details, see Table 2 ). Under the experimental conditions employed herein, we failed to identify SELEX peaks for only three known targets, acnA (aconitase), cydA (cytochrome bd-I), and pck (phosphoenolpyruvate [PEP] carboxykinase). Of these three targets, the involvement of Cra in expression regulation was experimentally identified only for the pck operon (6) . Taken together, a total of 144 Cra-binding sites were newly identified in this SELEX chip assay (Tables 1  to 3) .
On the other hand, a group of 30 peaks (15.5%) was located downstream of ORFs, and thus, in this study, further examination was not performed for this group of Cra-binding sites. After genomic SELEX screening of a number of both hithertocharacterized and uncharacterized transcription factors from a total of about 300 species of E. coli transcription factors (16, 17) , we realized that a specific set of transcription factors binds to the target sites located downstream of ORFs (T. Shimada et al., unpublished data), implying as-yet-unrecognized regulatory roles for such DNA signals.
Genomic SELEX screening was performed by using purified His-tagged Cra. The DNA recognition specificity of His-tagged Cra was considered to be the same with untagged Cra, as checked by gel shift experiments using some representative target promoters (data not shown).
Consensus recognition sequences of Cra. Cra forms two different conformations depending on the presence or absence of the effector D-fructose-1-phosphate or D-fructose-1,6-phosphate. Effector-free Cra has been indicated to bind the 14-bplong Cra box with an imperfect palindromic sequence, GCTG AAACGTTTCA (16, 31, 46) .
Since we obtained 6.3-fold-more targets than those hitherto identified (144 versus 23 targets), we reevaluated the consensus sequence of Cra binding using the whole set of predicted targets (167 targets), including 23 known targets. By using a collection of 500-bp sequences centered on each peak and BioProspector (http://ai.stanford.edu/_xsliu/Bio-Prospector/), which was successfully employed previously for the identification of the RutR-box sequence (47), we identified a 14-bp Cra-box motif from all 167 Cra targets (Fig. 2) . The Cra-box consensus sequence was identified to be 5Ј-GCTGAAnCGnT TCA-3Ј, in good agreement with previously reported sequences (16, 46) . The G and C at positions 1 and 2 were indicated to be most important to exhibit high affinity for Cra (31, 39, 46; this study). (46) . The resulting SELEX fragments were analyzed by using tilling DNA microarrays as described previously (48) . The regulation target genes were predicted from the location of Cra-binding peaks. When the Cra-binding sequences were located within spacers, regulation targets were predicted based on the direction of transcription, either one direction (single gene) or both directions (two genes with a slash) (for details, see Table 2 ). The genes associated with some of the high-level peaks are indicated. Peaks shown in orange indicate the hitherto-identified targets, while peaks shown in green represent the newly identified targets. 
Downloaded from
Confirmation of regulation in vivo of the predicted target by Cra. Of the total of 23 known targets, we could identify clear SELEX chip peaks for at least 20 of them (shown in an orange background in Fig. 1 ). The high level of detection of known targets itself indicates that the SELEX chip screening was successful for the detection of Cra targets and that the unidentified regulation targets of Cra must be included with a high probability in this genomic SELEX collection. To confirm that the newly identified target candidates are indeed under the or on open reading frames, as shown in the "Cra site" column. The map positions of these sites on the E. coli K-12 genome are shown in the left-side "map position" column. Flanking genes are shown on both "left" and "right" sides of the Cra-binding sites. Arrows added in front of the gene designations show the direction of transcription. The Cra targets identified by SELEX chip are shown as S in the "SELEX" column. Regulation in vivo by Cra was confirmed for some of the predicted Cra targets, which are indicated by gene designations in the "SELEX" column. The Cra targets listed in RegulonDB are indicated in the "RegulonDB" column. Boldface indicates predicted Cra targets.
b Cra targets experimentally identified in this study or listed in RegulonDB (group 1). c Single Cra targets located downstream of Cra-binding sites (group 2). d One of the divergently transcribed genes located downstream of Cra-binding sites (group 3) (note that the group 3 targets are counted as group 1/2 in Table 3 ). control of Cra, we constructed a set of promoter-lacZ fusions and performed the promoter assay in the presence and absence of Cra. When a single molecule of the transcription factor binds within the spacer between divergently transcribed genes in the E. coli genome, transcription toward one of the two opposite directions is regulated in most cases (16) . The promoter assay also allowed the identification of the regulation target between the divergently transcribed genes and, moreover, to identify the mode of regulation in vivo, either activation or repression.
Here we focused on the set of genes that encode enzymes involved in central carbon metabolism. After the reporter assay of promoter-lacZ fusions in both wild-type E. coli and cra mutants was performed, all the genes tested were found to be under the control of Cra ( Fig. 3; for the gene list, see Table 2 ), including the newly identified genes sgrS (ptsG stabilizer small RNA), prpB (2-methylisocitrate lyase), cyoA (cytochrome o ubiquinol oxidase), marR (multidrug resistance regulator), zwf (glucose-6-phosphate dehydrogenase), fbaB (fructose-bisphosphate aldolase), setB (lactose/glucose efflux system), maeB (NADP-linked malic enzyme), glgC (glucose-1-phosphate adenylyltransferase), gpmM (phosphoglyceromutase III), tpiA (triosephosphate isomerase), ppc (phosphoenolpyruvate carboxylase), and mpl (UDP-N-acetylmuramate:L-alanyl-gamma-D-glutamyl-meso-diaminopimelate ligase). The change in the promoter activity of the newly identified promoters in the cra mutant was as high as those of the known targets pdhR (pdh operon regulator), adhE (alcohol dehydrogenase), pykA (pyruvate kinase II), pps (phosphoenolpyruvate synthase), fruB (fructose-specific PTS IIA), glk (glucokinase), and ptsH (PTS system Hpr), which were analyzed as references (Fig. 3) . The finding that all the target promoters examined are indeed under the control of Cra also supported the notion that genomic SELEX screening allowed the detection of specific Cra target promoters with a high level of accuracy.
The whole set of regulation targets of Cra. On the basis of two lines of evidence, i.e., the identification of about 90% of the known regulation targets by genomic SELEX screening and the confirmation of in vivo regulation by Cra for all the putative promoters tested, the promoters herein isolated by the SELEX chip screening could be targets under the control of Cra. A total of 164 Cra-binding sites within spacer regions can be classified into three groups: a total of 20 sites including the promoters for the known Cra-regulated genes (group 1) ( Table  2 ), a total of 90 sites that are located upstream of specific promoters directing transcription toward one direction (group 2) (Table 2) , and a total of 103 sites that are located within spacers between divergently transcribed genes (group 3) (Table 2). Since a single molecule of transcription factors associated between divergently transcribed genes in the E. coli genome generally regulates transcription toward one direction (16), we tentatively assumed that for the group 3 cases, one of the divergently organized genes is the regulation target of Cra (note that in Table 2 , each of the divergently transcribed genes is counted as the target of 50% possibility). Based on these criteria, we propose that the total number of regulation target genes under the control of Cra is 178.5, as listed in Table 3 . Thus, the total number of regulation targets of Cra increased 7.76-fold from 23 to 178.5.
In certain cases, such as those of aroP4Cra3pdhR and fruB4Cra3setB (Table 2) , the spacer-bound Cra regulates transcription toward both directions. If such a gene organization exists in the uncharacterized group 3 targets, the number of regulation targets by Cra should be more than 178.5.
Classification of regulation modes. Among 20 species of the regulation targets shown in Fig. 3 , the promoter activity of 19 species except for the pps promoter increased in the cra mutant, indicating that Cra is involved as a repressor for these operons. The promoter activity for the pps gene encoding phosphoenolpyruvate synthase, however, markedly decreased in the cra mutant (Fig. 3) , indicating that Cra is involved as an activator for the pps operon. During growth on three-carbon substrates that require the gluconeogenesis pathway, the Pps enzyme provides PEP that is used for the synthesis of precursor metabolites for all cellular carbon compounds.
The binding site of Cra on some of the known targets listed in RegulonDB were experimentally identified by gel shift and DNase I footprinting assays, but in most cases, the Cra-binding sites were predicted on the basis of the location of the Cra consensus sequence. Since we obtained a refined consensus sequence of Cra binding (Fig. 2) , the location of Cra-binding sites around the newly identified target promoters was also analyzed after an in silico search for the Cra-box sequence. For the promoters for which the activities were determined in vivo (Fig. 3) , the locations of the Cra-binding site(s) relative to the transcription start site(s) are aligned along each target promoter (Fig. 4) . The binding sites of Cra are widely distributed between positions Ϫ332.5 (sgrS) and ϩ7.5 (fruB). Generally, (18, 19) . For most of the targets identified herein, Cra represses transcription. In most cases, the binding sites of repressor Cra overlap with the target promoters (Fig. 4) . Including the Cra targets analyzed herein ( Fig. 3 and 4) , the locations of the Cra box and promoter are aligned for all the known targets of Cra (Fig. 5) . The mode of action of transcription activators has been established to be attributable to protein-protein interactions between upstream-bound transcription factors and RNA polymerase (18, 19) . In good agreement with the proposed general rule, the binding sites of the repressor Cra are generally located near and downstream of the target promoters, while the activator Cra binds upstream of the target promoters, such as in the case of the transcription activation of the pps promoter by Ϫ45.5-bound Cra (Fig. 3 and 4) .
DISCUSSION
Regulation mode of Cra. Cra is a bifunctional transcription factor, acting as a repressor for most of the targets and as an activator for a small set of targets. In both modes, the level of binding of Cra to the target Cra box decreases in the presence of effectors. Thus, the regulation mode is determined by the location of Cra binding relative to the target promoters (Fig.  5) . In several cases noted above, the repressor Cra was found to bind upstream from the target promoters, such as positions Ϫ332.5 of sgrS, Ϫ185.5 of pdhR, Ϫ101.5 of prpB, Ϫ268.5 of cyoA, and Ϫ273.5 of setB (Fig. 4) . In certain special cases, transcription repression by upstream-bound transcription factors was suggested to be due to their tight binding to the ␣ subunit of RNA polymerase, as detected for aceBAK repression by IclR (54) . A similar mechanism may operate for the transcription repression of glk by Ϫ91.5-bound Cra (28) . The repression of the above-described four cases, however, takes place by Cra bound more than 100 bp upstream of the respec- tive target promoters. The Cra-binding site (position Ϫ332.5) of sgrS is located on the structural gene of sgrR, the gene product of which regulates an overlapping sgrST operon encoding a small regulatory SgrS RNA and a small regulatory polypeptide, SgrT, with both being involved in the regulation of the ptsG operon (5, 36, 51, 52) . Thus, Cra bound on sgrS may lead to the repression of sgrR, thereby resulting in a decrease in activator SgrR levels. The transcription of the pdhR gene is also repressed by upstream-bound Cra (position Ϫ185.5). On the pdhR promoter, multiple species of transcription factors associate, such as the activator CRP (positions Ϫ377.5, Ϫ110.5, Ϫ82.5, Ϫ70.5, Ϫ62.5, and Ϫ50.5), the activator Fnr (Ϫ50.5), and the repressor PdhR (Ϫ18) for the fine control of the key regulator of pyruvate dehydrogenase (PDH) complex formation (33, 37) . Thus, the upstream-bound Cra may interact with one or more of these factors for effective repression. Likewise, the upstream-bound Cra on the prpB promoter may interact with the prpB promoter-interacting activators PrpR (positions Ϫ113.5 and Ϫ147.5) and CRP (position Ϫ106.5), leading to interference with activator functions (14) . The Crabinding site (position Ϫ273.5) of the setB gene corresponds to position Ϫ94.5 of the divergently transcribed fruB gene, on which two Cra sites have already been identified at positions ϩ7.5 and ϩ73.5 for effective repression (15) . A possible interplay between Cra molecules on three Cra boxes within the 368-bp-long spacer may affect different modes of transcription regulation. Novel regulatory roles of Cra. The most important regulatory role of Cra is believed to be the control of central carbon metabolism (10, 38) . The newly identified targets were located within the metabolic map (Fig. 6) . Cra-binding sites were found to be located on all the genes encoding the enzymes for central metabolism (Fig. 6) . The promoter assay indicated that Cra represses the newly identified genes that are involved in glycolysis. In addition, Cra was found to repress the genes for the energy production pathway downstream of glycolysis. Both the pykA and pykF genes, encoding pyruvate kinase, are also repressed by Cra. Likewise, all three genes, aceE (PDH decarboxylase component E1), lpd (lipoamide dehydrogenase, PDH component E3), and aceF (PDH dihydrolipoyltransacetylase component E2), coding for the components of the PDH complex were all found to be repressed by Cra. The reaction of the PDH multienzyme complex encoded by aceEF-lpd is the gateway to the TCA cycle, producing acetyl coenzyme A (acetylCoA) (34) . The promoter of the pdhR-aceEF-lpd operon is repressed by pyruvate-sensing PdhR (33) and Cra (this study) and is activated by CRP (55; T. Shimada et al., manuscript in preparation). All these three regulators also control the transcription of the key operon cyoABCDE for the terminal electron transport system downstream of the PDH cycle (32, 54; this study; Shimada et al., in preparation).
The pentose-phosphate (PP) pathway, also called the hexose monophosphate shunt, is one of three essential pathways, the EMP (Embden-Meyerhof-Parnas), PP, and TCA (tricarboxylic acid) pathways, of central metabolism as well as the pathway for providing building materials for nucleic acid synthesis. At the entry gate, D-glucose-6-phosphate is converted to D-glucono-lactone-6-phosphate by Zwf (44) , which is metabolized to D-glycraldehyde-3-phosphate by a set of enzymes, Pgl, Gnd, RpiAB, and TktAB, for reuse in central metabolism (15, 21) .
After genomic SELEX, we found that Cra represses zwf involved in the initial step reaction.
Among a number of PTS transport systems for sugars (27) , the ptsI gene, encoding PTS-E1, is under the control of Cra (Fig. 6) . Among a total of 25 PTS-E2 systems for sugars, however, Cra is known to regulate only three systems, those for the transport of fructose, mannose, and mannitol. In addition, we identified PTS-E2 (PtsG) for glucose transport as an additional target of Cra. In contrast, most PTS-E2 systems are under the control of CRP (Shimada et al., in preparation) .
Switching control between glycolysis and gluconeogenesis. Several step reactions of central carbon metabolism are apparently irreversible, with different enzymes being involved in the catalysis of forward and backward reactions. These irreversible reactions, sometimes called rate-controlling reactions, are considered to be involved in switching control between glycolysis and gluconeogenesis. There are 4 steps of the irreversible reactions in E. coli (Fig. 6 ): two at the entry gate of central metabolism for the supply of fructose-1,6-bisphosphate, i.e., the conversion of glucose to glucose-6-phosphate catalyzed by glucokinase (Glk) (28) and the synthesis of fructose-1,6- bisphosphate from fructose-6-phosphate catalyzed by four isozymes (Fbp, GlpX, YbhA, or YggF) (4, 9, 11, 24) (note that the reverse reaction is catalyzed by 6-phosphofructokinase [PfkA] [8] ), and two at the exit gate from the glycolysis pathway, i.e., the conversion of phosphoenolpyruvate to pyruvate by two pyruvate kinase isozymes (PykA and PykF) (3, 26) (the reverse reaction is catalyzed by phosphoenolpyruvate synthetase [PpsA] [7] ) and the synthesis of phosphoenolpyruvate from oxaloacetate by phosphoenolpyruvate carboxykinase (Pck) (23) . When the reactions leading to an accumulation of fructose-1,6-bisphosphatase are activated, the overall reaction of carbon metabolism is directed toward gluconeogenesis. Cra represses pfkA, pykF, and glk, thereby accelerating glycolysis (37) . Cra also activates pps and pck, thus stimulating gluconeogenesis (38) . Cra has been indicated to regulate all these rate-controlling genes and is thus considered to play a role in switching between glycolysis and gluconeogenesis. This regulatory function of Cra is controlled by the intracellular concentrations of key metabolites, including D-fructose-1-phosphate and D-fructore-1,6-bisphosphate. By SELEX chip analysis, a low-level peak of Cra binding was identified in the pykA promoter region. We then examined pykA promoter activity in the wild type and a cra-defective mutant and found that pykA is also repressed by Cra (Fig. 3) . Glycogen, a glucosecontaining polysaccharide, is synthesized for the storage of glucose. The glgCAP operon, encoding glycogen biosynthesis and degradation, is known to be regulated by CRP (2, 42) . Here we also identified that the glgC promoter is repressed by Cra.
Transcription factor networks under the control of Cra. Promoters for the genes encoding the key metabolic enzymes and the essential cell architectures are under the control of multiple regulators, each monitoring different environmental conditions or metabolic states (16) . After genomic SELEX screening, we discovered that a total of 33 genes encoding transcription factors are under the control of Cra, including 11 regulators of the genes for carbon metabolism, 4 regulators of the genes for nitrogen metabolism, 9 regulators for stress response genes, and 7 putative regulators with unidentified regulatory roles (Fig. 7) . In addition, Cra-binding sites of 4 regulators (MelR, HdfR, PhoB, and YdjF) were identified on the open reading frames but far from adjacent promoters. The integration of the genes encoding as many as 33 transcription factors into the Cra regulon indicates that a number of E. coli genes are under the indirect control of Cra. In particular, it is noteworthy that the crp gene is under the control of Cra because we identified more than 200 novel targets for cAMPbound CRP (Shimada et al., in preparation) .
The marked increase in the numbers of target genes under the control of Cra also indicates that the regulation targets for each of a total 300 species of transcription factors in E. coli (16, 17) must be more than those identified so far, and genomic SELEX screening should be a useful experimental system for searches of the whole set of regulation targets for each transcription factor.
